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Abstract

Accurate prediction of water flow and chemical transport in agricultural soil profiles requires the use of a simulation model
that considers the most important physical, hydrological and chemical processes. Two important flow-related processes in tile-
drained field systems are macropore flow and water discharge from the tile drains. To better account for these two processes, we
extended an existing two-dimensional model (SWMS_2D) by adding a macropore flow component as well as a Hooghoudt type
boundary condition that considers the presence of an entrance head at the tile drain. The macropore component is necessary to
account for water and solutes short-circuiting the soil matrix, while the drainage entrance head is needed to account for the
contraction of streamlines around the drains, a feature that causes delayed discharge. The applicability of the new model to a
landfill problem was examined. The simulation results, which included water flow and solute transport, compared well with

other models. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Unsaturated soil; Preferential flow and transport; Macroporous soil; Tile drain; Entrance head; Modeling

1. Introduction

The gradual contamination of surface and subsur-
face water resources has important social, environ-
mental, economic, and political repercussions.
Although public awareness about environmental
issues has increased sharply over the past two
decades, many situations and practices keep contri-
buting to contamination of our soil and water
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resources. These include agricultural management
practices such as fertilization and pesticide applica-
tions, the use of septic fields, and the construction of
landfills, radioactive waste disposal sites, wastewater
and sewage lagoons, and mine tailing embankments.
Reliable analyses of these contamination problems
require models that account for the most important
physical, hydrological, and chemical processes. The
focus of this study is on two important flow processes
in tile-drained agricultural fields: preferential flow and
discharge through tile drains.

The Swiss Federal Office of Environment, Forest
and Landscape (FOEFL, 1997) estimated that the
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Nomenclature

a Distance between the centre of the soil aggregates to the centre of the pores (1)
A Coefficient of Hooghoudt equation (t ")

B Coefficient of Hooghoudt equation (17" t™")

c Solution concentration (ml )

Cq Concentration of the sink term (ml )

C Coefficient of Hooghoudt equation

Cy Drain coefficient

d Number of days after a 5 mm rainfall event

D Dispersion coefficient tensor (12t ')

dh; Difference between the water potentials of micro- and macro-node i (1)
dz; Vertical distance between macro-nodes (i — 1) and i (1)

E Effective porosity of the macro-domain

E, Actual evapotranspiration (1 th

Epo Potential evapotranspiration (1 th

h Pressure head (1)

hr Elevation of the groundwater table above the tile depth, midway between the drains (1)
he Entrance head (1)

K(h) Unsaturated hydraulic conductivity (1 t™h

Kg Components of a dimensionless anisotropy tensor K*

K; Saturated hydraulic conductivity (1 th

K,mic  Saturated hydraulic conductivity of the macropore (1 t_l)

Kiwin  Adjusted conductivity of the elements surrounding a drain (1 th
Characteristic length representing average spacing pf macropores (1)

1—1/n

van Genuchten shape parameter

Empirical exponent accounting for the pore size

Water flux (1 tfl)

mac;  Water flow from macro-node i down to macro-node i + 1 (tfl)

Exchange flow between a macro-node and a corresponding micro-node (t ")
Absorbed concentration

Sink term (t ")

Effective water saturation

Time (t)

Spatial coordinates (1)

Vertical spatial coordinate (1)

van Genuchten shape parameter (17')

Geometric factor

Empirical factor

Zero-order rate constants for the liquid phase (ml >t~
Zero-order rate constants for the solid phase (ml >t ~
First-order rate constants for solutes in solid phases thH
First-order rate constant for solutes in the liquid phases (t ")
Volumetric water content (13 13 )

Residual water content (13 173)

Saturated water contents (13 173)

mac Water content of macropores @173

Soil bulk density (ml )
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Fig. 1. Ilustration of the two flow domains used in the extended M-2D model.

annual total nitrogen loss in catchments of the Rhine
to be as high as 50 kg ha™'. Environmentalists often
identify drained lands as a major source of surface
water quality problems (Evans et al., 1989). These
concerns are supported by a recent study by Stamm
(1997) who found that solute leached rapidly through
a tile-drained field soil and ended up quickly in a
creek that captured the drainage water. Even such
sorbing constituents as phosphorus and ammonium
appeared quickly in the drain water after application
to the field. This rapid transport to the drains was
attributed to the presence of preferential flow paths.
Similar observations of preferential flow and transport
in tile-drained fields were also made by Richard and
Steenhuis (1988); Klavidko et al. (1991); Mohanty et
al. (1997, 1998); and Lennartz et al. (1999), among
many others.

In order to more effectively use simulation models
for improving farming operations and fertilization
practices, minimizing tile-drain losses of nutrients
and pesticides, and optimising drainage design and
water table management, it is essential that these
models account for the most important flow and trans-
port processes. Van Genuchten and Wierenga (1976)
proposed a two-domain model to describe solute
displacement in a structured soil under steady-state
flow condition. They partitioned the water phase
into a mobile (macropore) region subject to convec-

tive-dispersive transport, and an immobile, quasi-
stagnant liquid (micropore) region that was coupled
to the mobile region by diffusive solute exchange
following first-order kinetics. Gerke and van Genuch-
ten (1993) later extended this approach to transient
water flow by applying Richards equations to both
regions and coupling them in analogy to solute trans-
port by using a first-order rate equation. Jarvis et al.
(1991) developed a similar model, MACRO, to
describe water flow and transport in macroporous
soils. Contrary to Gerke and van Genuchten (1993),
they considered water movement in the macropore
region to be a non-capillary laminar flow process
driven by gravity only, and assumed solute transport
in the macropores to be a purely convective process.
Van Genuchten and Sudicky (1999) reviewed these
and other conceptualisations of macropore flow in
soils and unsaturated fractured rocks.

Jarvis (1991) included tile drainage in their one-
dimensional MACRO model by means of a special
boundary condition. Water flow to the drains was
described using the seepage potential theory of
Youngs (1980) in which for each layer of the one-
dimensional column a lateral loss to the drain was
estimated. Loss of solute to the drains was calculated
assuming complete mixing within a flow domain in
the horizontal dimension.

The objectives of this study were to add a macropore



70 A. Kohler et al. / Journal of Hydrology 254 (2001) 67-81

Vs

mic

(57 :

Micro-Domain

0.(:7)
C(5T7)
Macro-Domain

i Cnic (’: ‘T;() y
T 7

Fig. 2. Steps in numerical procedure to solve the water flow and solute transport equations. In step 1, the macropore flow and the interaction
between the flow regions are calculated. In step 2, the calculated flow is used as a boundary condition for the next time step of the micro-

domain.

flow component and a tile drain boundary condition
to the SWMS_2D two-dimensional variably-satu-
rated flow/transport model of Simunek et al.
(1994), in order to describe water flow and solute
transport in a tile-drained soil exhibiting preferential
flow. In this paper we introduce the new model,
henceforth referred to as M-2D, discuss an example
comparing M-2D simulation results with those
obtained with SWMS_2D and MACRO, and present
calibration of the model for the simulation of hourly
discharge through a landfill in Switzerland. The cali-
brated model was then used to simulate electrical
conductivity of the discharge through the landfill.
In a second paper (Abbaspour et al., 2001) we used
the new model to analyse an experimental data set
collected at a tile-drained agricultural field north of
Ziirich, Switzerland.

2. Description of M-2D
2.1. General description

Fig. 1 depicts the two domains of the M-2D model.
The micropore domain (further referred to as the
micro-domain) represents the soil matrix in which
water flow is governed by the Richards equation and
solute transport by Fickian-based convection-disper-
sion equation, respectively. The macropore domain
(macro-domain) in Fig. 1 represents surface-
connected cracks and macropores in which water
flow within the macropores occurs one-dimensionally
as non-capillary, laminar flow and in which solute
transport is purely convective. Mohanty et al. (1998)
from their comprehensive study of the preferential

transport of nitrate to a tile drain in an intermittent
flood-irrigated field in New Mexico concluded that
preferential flow intercepted by a tile drain was gener-
ated in close proximity of the drain and was essen-
tially oriented vertically. A dye infiltration test at our
study site also showed that in a flat drained field and in
a flat landfill the mechanism of preferential flow and
transport was directed vertically downward. Hence,
consideration of a two-dimensional flow within
macropores, while adding considerable computational
effort in the program, did not seem to be warranted.

As depicted in Fig. 1, the macro-domain has the
same geometry as the micro-domain. A macropore is
assumed to consist of a sequence of macropore nodes
(macro-nodes) that extend vertically from a surface
micropore node (micro-node) down to a desired
depth. Each macro-node coincides with a certain
micro-node, but not vice-versa (i.e., not all micropores
are close to or connected with a macropore). The width
of a macro-node is assumed to be equal to the width of
the corresponding micro-node at the soil surface. After
the finite element grid of the system is implemented,
the user determines if a certain location of the micro-
pore domain should correspond to a macropore
domain, for example near a drain.

Following Gerke and van Genuchten (1993),
exchange of water between a micro-node and corre-
sponding macro-node is calculated based on the pres-
sure head difference between the two nodes. We assume
that the macro-node has a pressure head equal to the
height of the water column in the macropore above
that node. The surface nodes of macropores can also
store surface water. If the micro-domain is not able to
absorb all of the applied water at the surface, as indi-
cated by a specified parameter Acys, €xcess water is
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directed to the surface macro-nodes from which water
may enter a macropore.

Within the soil profile we have the same flow
exchange mechanism as for the surface nodes. If the
pressure head at a certain micro-node reaches a
critical value of close to saturation (specified by the
parameter hcys), and a corresponding macro-node
exists that is not already saturated, water will flow
from the micro-node to the macro-node according to
an interaction term to be discussed later.

The numerical procedure for successive calculation
of flow and transport between the micro- and macro-
domains is depicted in Fig. 2. Assuming that the
micro-domain was solved for time 7}, the model
calculates flow and transport in the macro-domain as
follows. During step 1, pressure heads of the micro-
domain are compared to those of the macro-domain
and the interaction term for flow between the two flow
domains is calculated. Based upon the actual water
contents in the macropores and the interaction term,
water flow and solute transport for time step T} to T}
are calculated for each macropore. During step 2, flow
and transport in the micro-domain are solved for the
next time step from 7 to Tj4+;. During this step the
interaction term between the two flow domains, which
was calculated in step 1, is treated as a boundary
condition by means of prescribed in- or outflow
rates from the corresponding micro-nodes.

2.2. Variably-saturated flow

2.2.1. Micropore domain

In SWMS_2D (Simunek et al., 1994), water flow in
a two-dimensional, isothermal, variably-saturated,
rigid porous medium is described with the following
form of the Richards equation:

0 _ J AOh 4
— = —|kW|Kj— +K;|)|-S 1
ot &in: ¢ )( Y ox; ”)] M

where 6 is the volumetric water content, /i is the
pressure head, § is a sink term, x; (j =1,2) are the
spatial coordinates, ¢ is time, Kg are components of
a dimensionless anisotropy tensor K*, and K(h) is the
unsaturated hydraulic conductivity function.

Soil hydraulic properties are described using van
Genuchten’s model (van Genuchten, 1980) for the

water retention function:

o) — 6, 1 ,
Ox - Or B (I+ |ah|”)m

Se(h) = <0 (@)

6(h) = O h=0 3)

and the van Genuchten-Mualem model (Mualem,
1976) for the hydraulic conductivity function:

KSS2.5(1 _ (1 _ Sé/m)m)—Z h<0
K(h) = “)
K h=0

in which « and n are shape parameters, S, is effective
saturation, m = 1 — 1/n, 6, and 6, are the residual and
saturated water contents, respectively, and K; is the
saturated hydraulic conductivity.

2.2.2. Macropore domain

Water within a macropore is assumed to move by
gravitational flow from the surface node down to the
bottom of the macropore. The hydraulic conductivity
at each node is calculated as a function of the relative
saturation of the macro-node according to:

0 n*
Ks,mac(%) ! 0< Hmac < Os,mac

Kinac ( Omac) = K

§,mac Omac = Os,mac
0 Omac = 0

(5)
where K . is the saturated hydraulic conductivity of
the macropore, 6,,. is the water content, E is the
macroporosity of the soil (i.e., the total volume of
macropores per bulk soil volume), and n” is an empiri-
cal exponent reflecting the macropore size distribu-
tion. More details about the formulation of Eq. (5),
or how the parameters can be measured, can be found
in the manual of model MACRO (Jarvis, 1991), or in
Beven and Germann (1981).

Water flow in the macro-domain is calculated by
means of the following steps: (i) determination of the
pressure head at each macro-node, (ii) calculation of
the interaction term between micro- and macro-nodes
and (iii) redistribution of water within the macropores.
These steps are repeated several times within each
time step of the micropore model. The time step of
the macropore sub-model is prescribed by the user and
kept fix during the model run.
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The exchange of water between the macro- and
micro-domains is calculated for each macro-node by
comparing the pressure head of the macro-node with
that of corresponding micro-node. The exchange rate
of water, Q. ;, between the two flow regions at macro-
node i is described as proposed by Beven and
Germann (1981) in analogy to Darcy’s law:

dh,;
Oci = _Ki(hmic)F (6)
in which:

dhi = hmic,i - hmac,i (7)

where Ki(hy;) is the hydraulic conductivity of micro-
node i, and L. is the characteristic length representing
the average spacing of the macropores as well as the
geometry of the macroporous system. Gerke and van
Genuchten (1993) used a similar equation in their
model and derived the following expression for the
characteristic length:

L=— (8)

where (8 is a geometric factor (equal to 3 for rectan-
gular slabs and 15 for spherical shapes), a is the
distance between the centre of the soil aggregates or
soil matrix domain to the centre of the macropores,
and € is an empirical factor set equal to 0.4.

For some cases the exchange of water is set to zero.
For example, when dh; <0, i.e., pressure head
gradient is directed towards micropore i, but at the
same time micropore i is saturated or macropore i is
unsaturated. Also, Q. is set to zero when dh; > 0, i.e.,
pressure head gradient is directed towards macropore
i, but micropore i is unsaturated.

After calculating the water exchange rate between
the two domains, the water content of each macro-
node is updated using the expression:

emac,old,i + Qe,idt (]O)

If Omacnew» calculated in this manner exceeds the
macroporosity, E;, of macro-node i, then its value is
set equal to E; and Q.; is correspondingly adjusted.
Similarly, if 6 ,,c new.i» 1S Negative, its value is set equal
to zero and Q. is correspondingly reduced. The new
water contents, as discussed next, are starting values
for calculating water flow within the macropores.

emac,new,i =

2.2.3. Redistribution of water within macropores
Redistribution of water in the macropores is calcu-

lated in two steps. The first step involves solution of

the equations:

aemac,i &K(amac,i) _

- s = 0 (an

where 00, represents the change in water content
of macro-node i. Eq. (11) is calculated from the
surface node down to the bottom node of the macro-
pore. After solving Eq. (11), the macropores are
checked for over-saturation (6,,;>E;) and the
surplus of water is redistributed from bottom to the
top. Eq. (11) is solved using an implicit, iterative
interval halving method (Gerald and Wheatley, 1989).

2.3. Solute transport

2.3.1. Solute transport in the micro-domain

Solute transport in the micro-domain is described
by the convection-dispersion equation including
source/sink terms for transformation processes that
follow first- and zero-order kinetics (Simunek et al.,
1994):
g ( gﬁ) = Y be + sp

o'?x,- (?xl‘ (12)

+ 7w0+ YsP — SCS

where c is the solution concentration, s is the sorbed
concentration, g; is the ith component of the volu-
metric flux, p, and p, are first-order rate constants
for solutes in the liquid and solid phases, respectively,
vw and vy, are zero-order rate constants for the liquid
and solid phases, respectively, p is the soil bulk
density, S is the sink term, c; is the concentration of
the sink term, and D is the dispersion coefficient
tensor.

2.3.2. Solute concentration of macro-nodes and solute
exchange between domains

Solute transport within the macro-domain and
between the domains is calculated by assuming a
purely convective process. Water with a certain solute
concentration entering a macro-node is immediately
mixed with water associated with that macro-node.
After mixing, water is moved down to the next
macro-node as follows. First, water flow, QOmacis
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Fig. 3. Drain discharge versus groundwater table above the tile drain, midway between drain as a function of varying parameters in Hooghoudt

drain boundary condition.

from macro-node i vertically downward to node i + 1
is calculated according to:

1

Qmac,i = E(emac,old,i - Omac,new,i) + Qmac,(i—l) + Qe,i

(13)

The procedure starts at the surface node and proceeds
downward. Using the water fluxes calculated in this
manner for each macro-node, a solute mass balance is
carried out next. To perform the mass balance, the
concentration of the exchange flow is set equal to the
concentration of the macro-node if the exchange flow is
directed toward the micropore, and set equal to the
concentration of the micro-node if the flow is directed
toward the macropore. The system of solute mass
balance equations for all nodes of a macropore is subse-
quently solved using Gaussian elimination.

2.4. Hooghoudt boundary condition

The traditional way to model an ideal drain in a
field-scale finite element model is to represent the
drain as a node with a system-dependent boundary
condition in which the pressure head is set to zero
when the drain node is saturated, and the flux is set
to zero when the drain node is unsaturated. This
approach does not account for the contraction of the
streamlines near the drain, the presence of a non-
uniform pressure along the drain boundary, and the
presence of an entrance head around the drain.

Entrance head is the minimum head that is required
to initiate flow in a drain. A comparison of discharges
calculated with the analytical solution of Kirkham
(1949) and numerically simulated drain flows showed
that the discrepancy could be substantial. Fipps and
Skaggs (1986) demonstrated that only a model repre-
senting the drainage tube at sufficiently high resolu-
tion and in its full shape would lead to accurate
estimation of the groundwater table and the drainage
discharge rate.

Lacking sufficient spatial resolution to explicitly
describe the local non-uniformity of the flow field
around and along slotted drainpipes, field-scale
models usually try to account for the head loss caused
by streamline convergence by invoking an empirical
resistance. The dependence of this resistance on
perforation sizes and arrangements, as well as on the
dimensions and conductivity of the surrounding mate-
rial has been theoretically analyzed by Dierickx
(1980), among others. Other factors such as clogging
of flow paths by particle deposition and disturbance of
the soil around drain pipes or the envelope material
may further add to the non-uniformity of the flow field
at a drain boundary. As it is usually neither possible
nor necessary to separate all these individual effects,
the concept has been extended to include all other
forms of resistance encountered by the flow entering
a drain. This compound resistance as described in
Stuyt et al. (2000) is called the ‘approach flow
resistance’.
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Table 1
Soil hydraulic parameters used for the MACRO and M-2D model comparison test

Depth a n 9, 95 E K %, hcrilsa n* Kinac ib
m) (") )| (| | ]| md'])  (m) [1 | md1| [
Parameters of M-2D
Parameters of MACRO
0-03 10 2 102]05(0.01 2 -0.1 1 48 1
0.3-0.8] 10 2 [0.45} 0.5 |0.01| 0.005 -0.1 1 48 1
08-15]| 10 2 {04505 10.01| 06 -0.1 1 48 1

* ¥, = boundary soil water tension in the MACRO which is similar to h¢gs in M-2D.
® X = Brooks and Corey water retention shape factor set equal to (n — 1).

Simunek et al. (1994) represented drains in the
SWMS_2D code as single nodes with a system-
dependent boundary condition, while accounting for
approach flow resistance in the entrance conditions by
adjusting the conductivity of the finite elements
surrounding the drainage node according to the
equation:

Kdrain = KSCd (14)

0.50

where Ky, is the adjusted conductivity of the
elements surrounding the drain, K, is the actual
hydraulic conductivity of the elements surrounding
the drain, and C4 (<1) is a coefficient that depends
on the diameter of the drain and the dimensions of the
surrounding elements. This approach enables
SWMS_2D to describe the hydraulic behaviour of
ideal drains accurately. An ideal drain is defined in
this paper as a drain with a homogenous flow field

0.25

Drainage discharge, m? h

0.00 lemados

—o—M-2D
—=—SWMS_2D
——MACRO

0.08

Solute leaching, mg m2 h!

Day

Fig. 4. A comparison of the simulated drainage outflow and the solute leaching rate between M-2D, MACRO, and SWMS_2D.
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around and along the drainpipe. Although the reduc-
tion factor C, accounts for the contraction of the flow
field around the drainage pipe, it may not account for
the typically non-uniform entrance head of non-ideal
drains.

In arecent field study (Kohler, 2000) we studied the
performance of a field tile-drainage system by
measuring the groundwater drawdown during periods
of high groundwater tables. We found that the field
drains were subjected to relatively large entrance
heads, h. =0, that were a function of the water
table height above the tile depth, midway between
field drains. To be able to simulate such non-ideal
drainage system with an entrance head, we implemen-
ted in the M-2D code a new type of boundary condi-
tion, further referred to as a Hooghoudt boundary
condition. This condition prescribes the discharge
rate ¢ at the drain node as a function of the water
table height hr at some reference point, i.e.,
q =f(hy). For the experimental field studied we
obtained good results using the extended Hooghoudt

equation proposed by Oosterbaan et al. (1989), i.e.:
q=Alhr = h) + B(hit — ) (15)

in combination with the empirical finding that s, =
Chr + he, in which C and A are site-specific para-
meters, A and B are fitting constants, and where ht was
taken midway between the drains. The g(khr)-function
is site specific and generally should be measured.
However, if no suitable ¢ — hr data are available,
the relationship may also be determined numerically
by means of local high-resolution modelling of the
drain performance, after which the g(khr)-function
can be used in field-scale models in which the drains
are represented as single nodes. Note that the above
empirical relationships can easily be replaced by
another locally calibrated model relating drain
discharge to the water table height measured at a
conveniently location.

The Hooghoudt boundary condition is hence a
Neumann type boundary condition in which tile
drainage flow is prescribed according to the head at
areference node. The new boundary condition has the
flexibility to describe a large number of drain situa-
tions since the parameters A and B in Eq. (15) can be
determined empirically. This is illustrated in Fig. 3
where drain discharge is plotted as a function of the
groundwater elevation midway between the drains
and changing values of A, B, and hy. Notice the rise
in the groundwater table needed in order to initiate the
flow in the case where /. is not equal to zero.

A more accurate way to account for the drains
would be to implicitly allow for flow processes in
the drain by including the drain geometry in the
flow domain. The only problem with this approach
would be that a high-resolution discretization would
be required around the drains, as already pointed out
by Fipps and Skaggs (1986), which would substan-
tially increase the number of nodes and, hence the
execution time. Such a slow model would not then
lend itself easily to the type of inverse analysis carried
out in this study for parameter estimation.

3. Comparing M-2D and macro simulation results
We tested the macropore component of M-2D by

comparing M-2D simulation results with those
obtained using MACRO (1991) for a one-dimensional
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test problem. The problem considers the arrival of a
wetting front at the bottom of a 1.5-m long soil column.
An atmospheric boundary at the soil surface and a
seepage face at the bottom of the column were
assumed. The set up hence resembles a free-draining
lysimeter. The simulation lasted 40 days, starting with
a 10-day period of precipitation at a rate of 0.01 md ',
followed by 30 days of water redistribution without any
rainfall or evapo-transpiration. More detail about this
test site can be found in Abbaspour et al. (2001).

The initial soil water pressure head in the column
was assumed to be in hydraulic equilibrium with the
bottom of the soil set at zero pressure head. The soil
column was initially free of solutes, while the rainfall
had a constant solute concentration of 1000 mg m >
Pertinent information regarding the soil column is
listed in Table 1. The values in Table 1 were calcu-
lated by inverse modeling in a previous study by
Abbaspour et al. (2001). Other parameters include
dispersivity for solute transport, which was set equal
to 0.1 m, and the exchange length (macropore
spacing) between the flow regions, which was set
equal to 0.2 m in both models.

Fig. 4 shows calculated drainage and solute leach-
ing rates obtained with M-2D and MACRO. The same
system, but without macropores, was also simulated
using SWMS_2D for comparison purposes. Drainage
as well as solute leaching started earlier for MACRO
as compared to M-2D, but no solute leached from the
column during the simulation period when
SWMS 2D was used. It should be noted that
MACRO uses the Brooks and Corey (1964) model
of soil hydraulic characteristics, while SWMS_2D
uses the van Genuchten (1980) model. Although this
problem is not important for simulations under highly
unsaturated conditions, it may have some effect at and
near the air-entry pressure head where most of the
exchange of water between the macro- and micro-
domains takes place. The two hydraulic characteristic
models are illustrated graphically for the first soil
layer in Fig. 5. Differences between the two hydraulic
functions may be important in terms of affecting the
timing (initiation) and extent of a bypass flow through
the macropores.

Another important difference between MACRO
and M-2D may be the method in which the water
exchange rate between the micro- and macropore
regions is calculated. In MACRO the exchange rate

is calculated as a function of the difference between
the actual micropore water content and the boundary
water content, whereas in M-2D water exchange is
based on the pressure head differences between a
micro-node and a macro-node. Geometric discretiza-
tion in MACRO is also different from that in M-2D;
MACRO allows only a limited number of soil layers
to be considered in a simulation (set to 10 in this
example), while M-2D allows essentially an unlimited
number of soil layers. Given these differences, the
simulation results for MACRO and M-2D in Fig. 5
are quite comparable, especially the peak tile-drai-
nage and concentration results.

4. Testing M-2D in a field application
4.1. Field site

In a real field test of the M-2D model we simulated
the hourly drainage discharge of a municipal solid
waste incinerator (MSWI) bottom ash landfill near
Buchs, Switzerland. Lostorf is situated in a disused
gravel pit. After calibrating the model parameters for
discharge, solute transport through the landfill was
simulated using measured electrical conductivity of
the discharge water. The landfill is 6 m deep, and a
liner consisting of 0.8 m opalinous clay supporting a
gravel drainage layer (0.2 m) serves to collect the
leachate via high-density polyethylene (HDPE) tubing
into a shaft. Two geotextiles separate the MSWI
bottom ash from the drainage layer and the drainage
layer from the clay liner. The surface of the landfill has
not yet been covered or cultivated so there is direct
contact between the atmosphere and the disposed ash.

The average yearly precipitation at the local Swiss
Metrological Association (SMA) station (Buchs/Suhr,
approximately 2 km west of the landfill in a compar-
able geographical location) for the period of 1987 to
and including 1996 is 1060 mm. The average rainfall
maximum occurs between May and June. The driest
period is January to April. The summer rains tend to
occur in storm events of high rain intensity.

We selected the above site for testing M-2D because
the site has already been modelled in a previous study
(Johnson et al., 2001), and this would allow us a
comparison of M-2D with other models. Johnson and
co-workers compared the application of several models
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Fig. 6. Comparison of the M-2D simulation with measurements of: (a) the drainage discharge, (b) the cumulative discharge, and (c) the

conductivity of the seepage water for the 1996 calibration data set.

such as a linear storage model (Huwe et al., 1994), a
neural network model, HYDRUSS (Vogel et al., 1996),
and MACRO (Jarvis, 1991) for the simulation of flow
through the Lostorf landfill. The hourly nature of the
simulation plus the apparent existence of preferential
flow makes modeling of flow and transport through the
landfill especially challenging. The hourly simulation
is necessary for an accurate accounting of the solute
load leaching from the landfill.

4.2. Input data

Automatic registration of drainage discharge, elec-
trical conductivity and temperature were made over
the periods November 1993 to February 1993,
November 1994 to November 1995, and May 1996
to December 1996. Flowtec (DI 652) instrumentation,
based on changes in the magnetic field as a function of

flow rate, was used to measure discharge. Conductiv-
ity and temperature were registered on-line with a
combined WTW LF 196 electrode. Average values
taken every second were saved to a data logger
every 15 min. Precipitation measurements were
made on site using a tilting-siphon rain gauge. The
on-site rainfall measurements were compared to data
collected by the Buchs/Suhr SMA station.

Potential evapotranspiration from the surface of the
landfill was estimated using the hourly form of the
FAO Penman-Monteith equation (Allen et al.,
1994). Hourly values of global radiation, relative
humidity, pressure, wind velocity (at 2m) and
temperature were obtained from the SMA at the
Buchs/Suhr site and in addition from on-site measure-
ments of temperature, relative humidity and wind
velocity in 1996.

The actual evaporation E, from the bare bottom ash
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Table 2

The results of statistical comparisons between measured and simulated cumulative discharge for different models

Model Calibration Objective function, g Validation objective function, g
Neural network model® 7.42 15.1
Linear storage model® 40.4 (29.4.96-31.8.96), 7.2 (1.9.96-31.12.96) 8.2
HYDRUS5* 27.6 32.1
MACRO* 10.1 41.1
M-2D 13.1 19.4

* Data published in Johnson et al. (2001).

surface was estimated from the potential evapotran-
spiration using an empirical approach adopted from
Black etal. (1969) by applying the following correction:

E
_ Epot
E, = 402

where d is the number of days after a 5 mm rain event.
Using this empirical correction approach, the total

(16)

1.2

evaporation for the 1996 data sets was corrected from
3960 m* to 2950 m*® and agreed well with the difference
between rainfall and discharge (5860—
2940 = 2950 m?). The agreement for the 1995 data set
was not as good. The evaporation estimated from rain-
fall, minus discharge (3490 m®) was higher than the
corrected Penman-Monteith value (3010 m3).

Using the data set 29.4.96-31.12.96 (5928 h),
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conductivity of the seepage water for the 1995 test data set.
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M-2D was calibrated and the parameters were opti-
mized. The model was then used to predict the
discharge monitored in the period 1.12.94-7.2.95
(2125 h). Missing discharge and conductivity data
caused by instrumentation failure were linearly inter-
polated. Such periods did not exceed 10 h and consti-
tuted less than 1% of the data sets.

4.3. Model parameterization

The initial landfill condition was expressed by a
known pressure head distribution over the vertical
depth of the landfill. The boundary condition at the
top of the landfill was depicted as an atmospheric
boundary condition with prescribed precipitation
and evapotranspiration data, while at the bottom a
seepage face boundary condition was imposed to
simulate the drained bottom of the landfill. Initial
and boundary conditions applied to the flow through
the landfill were mathematically formulated as:

e Initial condition:
h(z,t) = hi(z)t =0 (17)

e Atmospheric condition:

—4ﬁ5—0=q%n=0 (18)
oz

e Seepage face condition:

W(L) = 0if h(L) > 0, (19)

and:

oh

— =0if (L) <0
0z

where h; is the initial pressure head (mm), L is the
coordinate of the bottom of the soil, and ¢'(?) is the
prescribed flux (mm h ") at the surface.

Initial estimates of 6,, 6,, « and n were taken from
unpublished laboratory desorption curves of intact
MSWI bottom ash samples taken from the landfill
Lostorf (Buchter, 1997). The values were 6, =0.14
mm?> mm_3, 0,=0.42 mm’ mm_3, a = 0.0085
mm ' and n = 1.18. The SUFI program of Abbaspour

et al. (1997) was used to inversely fit the unknown
parameters of the micropore region «, n, 6,, 0, and K
as well as the parameters n',E, K. s.mac> and L¢ describ-
ing the macropore region. The objective function, g,
was expressed as:

(20)

where m = 5928 is the number of data points, Q is
measured cumulative discharge, and Q' is simulated
cumulative discharge.

4.4. Simulation results

It is important to emphasise that the simulation with
the M-2D model in this study was conducted with the
minimum of required information. The initial pressure
head h;, the parameters «, n, 0,, 6,, and K as well as
the parameters describing the macropore region fcys,
n',E, K mae> L were first fitted on the measured cumu-
lative discharge assuming a uniform distribution of
the initial pressure head in the landfill.

At the beginning of the simulation period in April
1996 landfill was in a very dry state. In order to
obtain values for the initial pressure head, estimates
were made using the parameters obtained by the
initial fitting. The flow 3000 h beyond the end of
the simulation period was modelled without rainfall
until the discharge rates were equal to the measured
discharge at the beginning of the simulation period
in April. Using the pressure head values at this stage
as the initial values, the inverse estimation of the
hydraulic parameters was once again performed.
The results of simulations were greatly improved
by the new non-uniform-initial-pressure-head data.
Fig. 6a shows the measured and simulated hourly
discharge as a function of time, while Fig. 6b illus-
trates the measured and simulated cumulative
discharge. Although there are some differences in
the hourly discharge rates of the measured and
simulated data, the cumulative values are rather
closely matched (g = 13.1). In Table 2, the results
of simulations with M-2D are compared with other
models reported by Johnson et al. (2001). The esti-
mated values of the parameters of the micropore
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region were a = 0.0015 mm !, n=1.10, 0.=0.14
mm?® mm >, 0,=0.45 mm> mm ™, and K,=0.58
mmh~', and of the macropore region n' =3,
E=0.002mm’ mm >, K,,.=6mmh™", heys=
—450 mm, and L, = 1 mm.

We tested the above parameters, obtained by fitting
the 1996 discharge data, by simulating the hourly
discharge rates measured in 1995 (Fig. 7). The agree-
ment between modelled and measured cumulative
discharge in Fig. 7b is excellent up to about 1600 h
and diverges beyond this time. The overall value of
g = 19.4 is, however, comparable with other models
(Table 2). The discrepancy in the hourly discharge
rates in Fig. 7 indicates an overestimation of the fast
flow component conducted by preferential flow paths,
while the simulated matrix flow is not as responsive as
the measured values.

As shown in Table 2 the simulation results with
M-2D are comparable to those of the MACRO
model published in Johnson et al. (2001). The
peak flow rates simulated with M-2D are too
high and too sharp compared to the measured
hourly discharge, whereas the base flow from the
matrix is too damped. Some reasons for these
discrepancies could be the assumption of a homo-
geneous system for the landfill, and lack of accu-
rate knowledge of initial and boundary conditions.
For this study we assumed a homogeneous system
because no information was available on system
heterogeneity, and assumption of a multiplayer
system would have drastically increase the compu-
tational effort.

In addition to the water flow we also simulated the
solute transport by means of measured electrical
conductivity of the seepage flow at the bottom of
the landfill. Assuming a conductivity of 4 ms mm '
for the precipitation and a conductivity of
14 ms mm ™' for the water stored in the matrix of
the landfill, we obtained a simulated conductivity of
the seepage water as shown in Fig. 6¢ for the calibra-
tion phase and Fig. 7c for the validation case. Since
the measured conductivity of the seepage water is
simulated rather well by M-2D, it can be assumed
that the model describes correctly the dynamics of
the water flow within the landfill system. It should
be noted that the model was only fitted to the
cumulative discharge and not to the solute transport
information.

5. Conclusions

We extended the SWMS_2D model of Simunek et
al. (1994) by adding a macropore flow component and
an entrance head in the drainage boundary condition.
In this paper, simulation of flow and transport through
a landfill system tested the macropore component of
the model.

An inverse program fitted parameters describing
the flow, during calibration phase based on cumula-
tive discharge. The calibrated model was tested
using data from a previous year. Although the
model over estimated the peaky dynamics of the
macropore flow and under estimated the base flow
through the matrix, but based on the relatively small
amount of available information, the model
performed satisfactorily and the discharge compared
well with other models tested by Johnson et al.
(2001). Simulation of the solute transport component
of the model using electrical conductivity as a tracer
also provided relatively good results for both calibra-
tion and validation stages.
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